Multilocus sequence analysis (MLSA) protocols have been developed for species circumscription for many taxa. However, at present, no studies based on MLSA have been performed within any moderately halophilic bacterial group. To test the usefulness of MLSA with these kinds of microorganisms, the family Halomonadaceae, which includes mainly halophilic bacteria, was chosen as a model. This family comprises ten genera with validly published names and 85 species of environmental, biotechnological and clinical interest. In some cases, the phylogenetic relationships between members of this family, based on 16S rRNA gene sequence comparisons, are not clear and a deep phylogenetic analysis using several housekeeping genes seemed appropriate. Here, MLSA was applied using the 16S rRNA, 23S rRNA, atpA, gyrB, rpoD and secA genes for species of the family Halomonadaceae. Phylogenetic trees based on the individual and concatenated gene sequences revealed that the family Halomonadaceae formed a monophyletic group of micro-organisms within the order Oceanospirillales. With the exception of the genera Halomonas and Modicisalibacter, all other genera within this family were phylogenetically coherent. Five of the six studied genes (16S rRNA, 23S rRNA, gyrB, rpoD and secA) showed a consistent evolutionary history. However, the results obtained with the atpA gene were different; thus, this gene may not be considered useful as an individual gene phylogenetic marker within this family. The phylogenetic methods produced variable results, with those generated from the maximum-likelihood and neighbour-joining algorithms being more similar than those obtained by maximum-parsimony methods. Horizontal gene transfer (HGT) plays an important evolutionary role in the family Halomonadaceae; however, the impact of recombination events in the phylogenetic analysis was minimized by concatenating the six loci, which agreed with the current taxonomic scheme for this family. Finally, the findings of this study also indicated that the 16S rRNA, gyrB and rpoD genes were the most suitable genes for future taxonomic studies using MLSA within the family Halomonadaceae.
INTRODUCTION
The family Halomonadaceae constitutes a phylogenetic lineage within the class Gammaproteobacteria according to 16S rRNA gene sequence analysis and mostly includes halophilic bacteria. Since its creation in 1988 (Franzmann et al., 1988) , the taxonomy of this family has been under continuous revision. At the time of writing (November 2010), the family Halomonadaceae comprised ten genera with validly published names, the most numerous being the genus Halomonas (Vreeland et al., 1980; Dobson & Franzmann, 1996) , which contained 62 species, and the genus Chromohalobacter (Ventosa et al., 1989; Arahal et al., 2001) with eight members. The genera Kushneria (Sánchez-Porro et al., 2009 ), Salinicola (Anan'ina et al., 2007 and Cobetia (Arahal et al., 2002a) had five, three and two species, respectively. Finally, the genera Zymobacter (Okamoto et al., 1993) , Carnimonas (Garriga et al., 1998) , Halotalea , Modicisalibacter (Ben Ali Gam et al., 2007) and Aidingimonas (Wang et al., 2009 ) each only contained a single species (Euzéby, 2010) . The family Halomonadaceae comprises Gram-negative-staining, chemo-organotrophic bacteria, most of them growing at NaCl concentrations between 5 and 10 % (w/v), at temperatures of 25-35 u C and at pH values between 7.0 and 8.0. With the exception of these common characteristics, the family Halomonadaceae is phenotypically and genotypically heterogeneous, including rods and cocci, aerobes and facultative anaerobes, moderately halophilic, slightly halophilic, haloalkaliphilic, halotolerant and non-halophilic micro-organisms with DNA G+C contents ranging from 52.0 to 74.3 mol% (Arahal & Ventosa, 2006; Martínez-Cánovas et al., 2004) . Additionally, members of the family Halomonadaceae have been isolated from a wide variety of habitats, such as marine and hypersaline waters, saline soils, salterns, food, plants, animals and oilfields. Moreover, the isolation of Halomonas venusta from a human wound infection originating from a fish bite has been reported (von Graevenitz et al., 2000) and recently some strains have been recognized as human pathogens that were responsible for infections and contamination in a dialysis centre (Stevens et al., 2009; Kim et al., 2010) . Due to its significance, it is also important to mention a recent report of a novel bacterium belonging to the genus Halomonas, which can apparently grow by using arsenic instead of phosphorus (Wolfe-Simon et al., 2011) .
The current taxonomy of prokaryotes is mainly based on 16S rRNA gene sequence analysis. However, the phylogeny of the family Halomonadaceae based on this approach is slightly confusing as closely related species within the family cannot always be distinguished reliably due to the high levels of sequence conservation. Examples of this shortcoming are the pairs of species Halomonas halophila-Halomonas salina and Cobetia marina-Halomonas halodurans, which both exhibit 16S rRNA gene sequence similarities of 100 % (de la Haba et al., 2010) . To overcome these limitations, additional rRNA and protein-encoding genes have been suggested as phylogenetic markers (Stackebrandt et al., 2002; Zeigler, 2003; Arahal et al., 2007; Tindall et al., 2010) to perform multilocus sequence analysis (MLSA), which can provide additional data for inferring a robust phylogeny. These loci are called housekeeping genes and their phylogenetic topologies are not always in agreement with those constructed with 16S rRNA genes (Martens et al., 2007) . Up to now, only the 23S rRNA (Arahal et al., 2002b; Lee et al., 2005; de la Haba et al., 2010) , gyrB and ectBC housekeeping genes have been used for studying the family Halomonadaceae, although the latter two were studied for the special case of the species Halomonas variabilis (Okamoto et al., 2004) .
The purpose of the present study was to investigate in detail the phylogenetic relationships of species from the family Halomonadaceae and to help clarify the current classification of this complex and dynamic family using an MLSA approach based on 16S rRNA, 23S rRNA, atpA, gyrB, rpoD and secA gene sequences from 52 representative species.
METHODS
Strains and culture conditions. Fifty-two type strains of species with validly published names from the family Halomonadaceae were used in this study (Table 1) . Most strains (44) were obtained from culture collections and the rest were donated directly by the authors who had proposed them as novel species. The origin of the strains is recorded in Table 1 . Strains were cultivated following the media and growth conditions recommended by the culture collections or the donors. Cultures were maintained on slant tubes (prepared with 2 % w/v agar) at room temperature and as suspensions (prepared with 15 % v/v glycerol) at -80 uC. The maintenance medium was MH medium (Ventosa et al., 1982) , which contained (l 21 ): 10 g yeast extract, 5 g proteose peptone, 1 g glucose, 81 g NaCl, 7 g MgCl 2 . 6H 2 O, 9.6 g MgSO 4 . 7H 2 O, 0.36 g CaCl 2 . 2H 2 O, 2 g KCl, 0.06 g NaHCO 3 and 0.026 g NaBr (pH 7.2), except for the species Zymobacter palmae, which was maintained in MY medium (Okamoto et al., 1993) , consisting of (l 21 ): 10 g yeast extract, 20 g maltose, 2 g KH 2 PO 4 and 5 g NaC1 (pH 6.0).
DNA preparation. DNA from each strain was isolated and purified according to the method described by de la Haba et al. (2010) . DNA quality was assessed by agarose gel electrophoresis and by measurement of absorbance at 230, 260 and 280 nm using a biophotometer (D-5000-3000; Eppendorf).
Primers for amplification and sequencing. The following genes were amplified and sequenced: atpA (F1-ATP synthase, a subunit), gyrB (DNA gyrase, B subunit), rpoD (RNA polymerase, b subunit) and secA (protein translocase, SecA subunit). The selected protein-encoding genes were widely distributed among taxa, of adequate length to be phylogenetically informative, located separately on the main chromosome (as assessed from the Chromohalobacter salexigens complete genome) and had a relatively high degree of conservation (Zeigler, 2003) . The 16S-23S rRNA and gyrB genes have already been successfully used as phylogenetic markers within the family Halomonadaceae (Arahal et al., 2002b; Okamoto et al., 2004; de la Haba et al., 2010) . In addition, the other housekeeping genes analysed in this study have been reported previously as being good taxonomic markers (Soler et al., 2004; Küpfer et al., 2006; Thompson et al., 2007; Brady et al., 2008; Hodgetts et al., 2008; Ivars-Martínez et al., 2008; Martens et al., 2008; Young et al., 2008; Ah-You et al., 2009; Pascual et al., 2010) .
To design primers for PCR amplification and the sequencing of these genes, the corresponding sequences derived from the whole-genome sequences of related members of the class Gammaproteobacteria were used: Aeromonas hydrophila (Seshadri et al., 2006) , Alcanivorax borkumensis (Schneiker et al., 2006) , Chromohalobacter salexigens (http://genome.jgi-psf.org/chrsa/chrsa.home.html), Escherichia coli (Blattner et al., 1997; Riley et al., 2006) , Hahella chejuensis (Jeong et al., 2005) , Marinomonas sp. MWYL1 (http://genome.jgi-psf.org/ mar_m/mar_m.home.html) and Pseudomonas aeruginosa (Stover et al., 2000) . The atpA, gyrB, rpoD and secA gene sequences were aligned using CLUSTAL_X 2.0 (Larkin et al., 2007) and compared using the BOXSHADE 3.21 program (http://www.ch.embnet.org/software/ BOX_form.html) in order to identify conserved regions for the development of suitable primers. The primers that were developed and used are listed in Table 2 .
PCR amplification and sequencing of the genes. PCR amplification was performed in a 50 ml reaction mixture composed of 5.0 ml PCR buffer (106), 2.5 ml MgCl 2 (25 mM), 8.0 ml dNTPs (1.25 mM each), 2.5 ml each forward and reverse primers (12 mM), 0.5 ml Taq polymerase (5 U ml -1 ; Dominion MBL) and 5.0 ml template DNA (50 ng ml -1 ). PCR amplification was performed by using a Mastercycler Ep Thermocycler (Eppendorf). The PCR cycling conditions are shown in Table 2 . The PCR products were examined by agarose gel electrophoresis (1 %) and stained with ethidium bromide (0.625 mg ml -1 ); a molecular mass marker (Invitrogen) was included to estimate the length of the amplicons. The concentration of the amplified products was checked using an Eppendorf D-5000-3000 Biophotometer. Purification of the amplicons was carried out by Sequencing primers were the same as those used in the amplification reaction but were diluted 12-fold (1 mM).
Phylogenetic data analysis. The sequences obtained were assembled by using the ChromasPro software (Technelysium Pty Ltd) and edited to solve ambiguous positions. 16S and 23S rRNA gene sequences were retrieved from the GenBank/EMBL/DDBJ databases, according to the recommendations of de la Haba et al. (2010) . Sequence data for P. aeruginosa strains DSM 50071 T , ATCC 10145 T and PAO1, extracted from the GenBank/EMBL/DDBJ databases, were used to polarize the phylogenies. Multiple sequence alignments were made using CLUSTAL_X 2.0 (Larkin et al., 2007) and MacClade (Maddison & Maddison, 2000) , taking into account the corresponding amino acid alignments for protein-coding genes. The subsequent sequence analyses were performed using the PAUP* version 4.0b10 phylogenetic software (Swofford, 2002) for the neighbourjoining (NJ) (Saitou & Nei, 1987) and maximum-parsimony (MP) (Kluge & Farris, 1969) methods and PhyML (Guindon & Gascuel, 2003) for the maximum-likelihood (ML) (Felsenstein, 1981) method. NJ analysis was performed using the General Time Reversible model (GTR, Tavaré, 1986) . MP analysis was conducted using a branchswapping heuristic search option based on Tree-BisectionReconnection (TBR). For ML analysis, the GTR model was selected and the base frequencies, the rate matrix, the proportion of invariable sites and the gamma distribution were estimated via likelihood. Bootstrap analyses were performed using 100 replications. To assess particular hypotheses, the Kishino-Hasegawa (Kishino & Hasegawa, 1989 ) and Shimodaira-Hasegawa tests (Shimodaira & Hasegawa, 1999) were used as implemented in PAUP*.
RESULTS AND DISCUSSION
In this study, the sequence of six loci (four proteinencoding genes and the 16S and 23S rRNA genes) from 52 type strains within the family Halomonadaceae were analysed (Table 1) . Corresponding sequences retrieved from the GenBank/EMBL/DDBJ databases of P. aeruginosa DSM 50071
T (for 16S rRNA gene sequence comparisons), P. aeruginosa ATCC 10145 T (for 23S rRNA gene sequence comparisons) and P. aeruginosa PAO1 (for atpA, gyrB, rpoD and secA gene sequence comparisons) were also included for phylogenetic analysis. Amplification was not possible for the atpA gene of Kushneria avicenniae, the gyrB gene of Halomonas boliviensis, Halomonas neptunia and Salinicola socius, the rpoD gene of Halomonas halophila, Halomonas organivorans, Salinicola socius and Zymobacter palmae, and the secA gene of Halomonas anticariensis and Halomonas cupida. The analysed lengths of sequence data determined from the multiple alignments were: 1573 bp for the 16S rRNA gene, 3053 bp for the 23S rRNA, 652 bp for the atpA gene, 1052 bp for the gyrB gene, 1127 bp for rpoD and 572 bp for the secA gene (see Supplementary  Table S1 in IJSEM Online). The alignments for the 16S rRNA, 23S rRNA, atpA, rpoD and secA genes contained gaps, whereas no gaps were present for the gyrB gene. For the rpoD gene, 108 bases (positions 327-434 of the multiple alignment) were omitted from the analyses due to low sequence similarity and length variations, which caused intrinsically uncertain regions in the alignment.
Individual gene analyses
For each gene, three phylogenetic trees were obtained, based on the NJ, MP and ML methods. The ML trees are shown in Fig. 1 . The range of lengths for the amplicons was from 572 nt for secA to 3053 nt for the 23S rRNA gene. There was an apparent inverse relationship between the number of nucleotides and the number of parsimonyinformative sites in the alignment. The largest alignments (23S and 16S rRNA genes) had the smallest proportion of parsimony-informative sites and the shortest alignment (secA) had the largest proportion (see Supplementary  Table S1 ).
The average pairwise sequence similarity values for 16S rRNA, 23S rRNA, atpA, gyrB, rpoD and secA were 94.0 %, 93.1 %, 86.8 %, 79.7 %, 79.6 % and 76.6 %, respectively. However, although the secA gene had the highest theoretical discriminatory power, it was unable to distinguish the species Halomonas aquamarina from Halomonas axialensis and Halomonas halocynthiae from Halomonas koreensis since their secA gene sequences were identical, suggesting gene flow. Intrageneric and intergeneric sequence similarities including all taxa The ranges of intrageneric sequence similarities were 91.7-100 %, 91.0-100 %, 66.5-99.8 %, 71.2-100 %, 72.0-99.4 % and 69.0-100 % for the 16S rRNA, 23S rRNA, atpA, gyrB, rpoD and secA genes, respectively (Table 3 , Fig. 2a ). These intrageneric values were widely heterogeneous, especially with the protein-encoding genes, due to the enormous variability within the genus Halomonas. On the other hand, the ranges of intergeneric sequence similarities were 89.8-100 %, 87.6-100 %, 69. 5-99.5 %, 68.3-99.3 %, 70.7-99.4 % and 63.3-99 .5 % for the 16S rRNA, 23S rRNA, atpA, gyrB, rpoD and secA genes, respectively (Table 3 , Fig. 2a ). Therefore, there was a large overlap between the intrageneric and intergeneric similarities from which almost no discriminative ability could be expected (Fig. 2a) . This overlap was partially due to the fact that the species Halomonas halodurans and Cobetia marina shared similarity values ranging from 99.3 to 100 % for the six genes studied. This could indicate that the selected genes were unable to resolve the phylogeny of both taxa or that these two species represent different strains of the same species. Further studies will be required to determine the taxonomic state of these members of the family Halomonadaceae. If they maintain their unique identities, then significant gene flow would explain the observed common gene pool aspects [a form of despeciation/degeneration (Zhaxybayeva et al., 2009; Sheppard et al., 2008) ] and if they are members of the same species then there must be significant phenotypic and genetic diversity within species. The differential phenotypic features between Halomonas halodurans and Cobetia marina are colony pigmentation, the optimum temperature for growth, oxidase activity, nitrate reduction, hydrolysis of aesculin, acid production from different carbohydrates and use of different substrates as sole carbon and energy sources.
Intrageneric and intergeneric sequence similarities excluding Halomonas halodurans
Since it appeared that the species Halomonas halodurans might not belong to the genus Halomonas, it was excluded from the analysis. In this case, the intrageneric sequence similarity values were 91.9-100 % (16S rRNA), 91.1-100 % (23S rRNA), 66.5-99.8 % (atpA), 71.2-100 % (gyrB), 72.2-99.4 % (rpoD) and 69.0-100 % (secA), whereas the intergeneric sequence similarity values were 89.8-96.4 % (16S rRNA), 87.6-95.5 % (23S rRNA), 69.5-95.8 % (atpA), 68.3-87.5 % (gyrB), 70.7-89.4 % (rpoD) and 63.3-86.1 % (secA) (Fig. 2b) . In this case, the intrageneric-intergeneric overlap was clearly reduced in all of the studied genes, but it was still quite large due to the enormous variability within the genus Halomonas. Moreover, compared with the intergeneric value, the intrageneric similarity for the atpA gene was higher (Fig. 2b ). An explanation for this observation is that Halomonas maura appears to be clearly separated from the MLSA of the family Halomonadaceae other species of the genus Halomonas (and also from the other members of the family Halomonadaceae), probably due to a horizontal gene transfer event.
Intrageneric and intergeneric sequence similarities excluding the genus Halomonas
When all species of the genus Halomonas were excluded, the intrageneric similarities were 95.2-99.9 % (16S rRNA), 93.5-99.6 % (23S rRNA), 86.2-99.7 % (atpA), 83.5-100 % (gyrB), 82.0-98.5 % (rpoD) and 72.0-99.5 % (secA); meanwhile the intergeneric sequence similarity values were 90.1-96.4 % (16S rRNA), 88.6-95.4 % (23S rRNA), 79.8-90.6 % (atpA), 72.9-86.5 % (gyrB), 73.0-84.1 % (rpoD) and 68.7-80.3 % (secA) (Fig. 2c) . Interestingly, the exclusion of the genus Halomonas made the genus Kushneria polyphyletic when the atpA and secA genes were considered. For the 16S rRNA, 23S rRNA, gyrB and rpoD genes, the resolution was better, with a slight overlap (Fig. 2c) , making them suitable for MLSA with this group of organisms.
Based on the intrageneric-intergeneric overlap and taking into consideration the current taxonomic situation of the genus Halomonas, the six genes studied were not always sufficient to correctly assign a new strain to the genus Halomonas since its sequences could be more similar to those from species belonging to other genera of the family than to those from species of the genus Halomonas. It is likely that the problem lies with the heterogeneity of this genus and suggests perhaps that the genus should be divided into two or more genera. Separate studies by Arahal et al. (2002b) and de la Haba et al. (2010) have previously distinguished two assemblages: group 1 or Halomonas sensu stricto (including 12 species) and group 2 (including 16 species), but no clearly differential phenotypic, chemotaxonomic and genotypic features could be found to support their placement as two different genera within this family.
Phylogenetic tree analyses
For each of the genes, separate phylogenetic trees constructed using NJ, MP or ML methods grouped the taxa studied in a similar manner, although MP was less consistent (Fig. 1) . From the phylogenies based on the six studied genes, it was clear that they disagreed as assessed using the Kishino-Hasegawa (Kishino & Hasegawa, 1989) and Shimodaira-Hasegawa (Shimodaira & Hasegawa, 1999) tests. This incongruence was probably due to lateral gene transfer events, but other intrinsic and extrinsic factors, such as the size of the dataset and the taxa included, may also be a factor. This indicated the strong stability of these groups, and presumably a strong homogenizing force to maintain group identity in the face of frequent HGT.
Despite the fact that the statistical tests indicated some significant differences, five of the six genes studied (16S rRNA, 23S rRNA, gyrB, rpoD and secA) showed a consistent evolutionary history (with some exceptions) and grouped species into their expected genera (Fig. 1) . Previous reports have indicated that phylogenies based on 16S rRNA and 23S rRNA (Arahal et al., 2002b; de la Haba et al., 2010) and on 16S rRNA and gyrB gene sequences (Okamoto et al., 2004) were very similar in terms of branching topology. However, most sequence variation was observed for the atpA gene, where groups 1 and 2 of the genus Halomonas (Arahal et al., 2002b; de la Haba et al., 2010) were not conserved, but some species clustered among other species of the genus Halomonas or even among other genera, and the genus Kushneria (highly conserved with the other genes) did not form a single branch. Therefore, the atpA gene showed a clearly different evolutionary history with respect to the other genes analysed and, although it had more resolving power than the rRNA genes, it may not be useful as an individual gene phylogenetic marker within the family Halomonadaceae. Fig. 1 demonstrates that the genera Carnimonas, Chromohalobacter, Halotalea, Salinicola and Zymobacter always form monophyletic groups that are clearly separated from the other genera of the family Halomonadaceae. Therefore, the MLSA results were consistent with the current classification of these taxa as independent genera within this family.
Cobetia marina DSM 4741
T , the only recognized species of the genus Cobetia, grouped together with Halomonas halodurans DSM 5160 T in all phylogenetic trees, forming a solid branch with sequence similarities ranging from 99.3 to 100 %. This result has been previously reported by de la Haba et al. (2010) based on 16S-23S rRNA gene sequence analysis. In this study, this pattern was confirmed for the atpA, gyrB, rpoD and secA gene sequences, which supports the idea that these two strains are members of the same species. However, prior to the drawing up of a formal proposal, a detailed study must be carried out using a polyphasic approach. On the other hand, the genus Kushneria was found to be monophyletic in the 16S-23S rRNA, gyrB and rpoD gene-based trees, but polyphyletic in the atpA and secA gene-based trees. The secA analysis produced a tree in which K. aurantia clustered together with Halomonas campisalis and Halomonas pacifica, probably due to recombination events, but the other three species of the genus Kushneria formed a single branch. With respect to the genus Modicisalibacter (containing the single species M. tunisiensis), the phylogenies based on the 16S rRNA and secA genes supported its current taxonomic position as an independent genus within the family Halomonadaceae. Nevertheless, 23S rRNA, atpA and rpoD-based trees supported the inclusion of M. tunisiensis as a member of the genus Halomonas. Moreover, the gyrB gene analysis located this species in an undetermined position and, thus, M. tunisiensis can be considered as a member of either the genus Halomonas or an independent genus. Ben Ali Gam et al. (2007) proposed the genus Modicisalibacter based on 16S rRNA gene sequence analysis as well as other phenotypic, genotypic and chemotaxonomic features. Nevertheless, all these characteristics could also be used to justify the inclusion of M. tunisiensis within the genus Halomonas, R. R. de la Haba and others suggesting the taxonomic status of the genus Modicisalibacter could benefit from revision.
Finally, the genus Halomonas only formed a monophyletic branch when the gyrB-based tree was constructed using the ML method; for the other genes or treeing methods the genus was polyphyletic. Although there are some exceptions, in general, the two groups defined within this genus by Arahal et al. (2002b) and de la Haba et al. (2010) (group 1 or Halomonas sensu stricto and group 2) could be clearly distinguished in the phylogenetic trees. These groups were robust and stable enough to suggest that group 2 might be assigned to a new genus. In order to formalize this proposal, additional discriminating phenotypic, genotypic and chemotaxonomic features should be determined. It is important to mention that the two groups were well conserved, but the relationships among the species within each group varied depending on the gene analysed, which might suggest that HGT events are common within them. Another aspect concerns the species Halomonas alimentaria and Halomonas halodenitrificans, which clustered together (except in atpA gene-based trees) with high bootstrap values. Both species are characterized by a common coccoid morphology (Yoon et al., 2002) that is unlike the typical rod shape of the other species of the genus Halomonas. These data might support the reclassification of these two species into a new genus within the family Halomonadaceae. The remaining species of the genus Halomonas did not form conserved groups according to the different trees. Halomonas muralis deserves a special mention because it was located quite far from the Halomonas group, specifically with 16S rRNA, 23S rRNA and secA genes. Unfortunately, the phenotypic characterization of this species is not comprehensive enough to differentiate it from other species of the genus Halomonas.
Concatenated sequence analyses
Concatenation of the six loci enhanced the phylogenetic reconstruction and optimized the taxonomic resolution by MLSA of the family Halomonadaceae adding more informative data and minimizing the weight of recombination events (Hanage et al., 2005) . Despite the presence of incongruent signals, concatenation could improve the total resolution of the tree because the more conserved 16S-23S rRNA genes may resolve parts of the phylogenetic tree better than the other housekeeping genes studied. In many members of the family Halomonadaceae, there is little divergence in the 16S-23S rRNA genes between species. Therefore, in a concatenated gene tree, the 16S-23S rRNA genes will not contribute much to branching patterns near the branch tips (here representing the species level). The other housekeeping genes used, although still conserved, were more variable (Fig. 2) and were a larger factor within the branching patterns near the tips, whereas in the deeper parts of the tree their phylogenetic signal might be less clear because of noise from the higher number of substitutions. However, the effect of noise from individual partitions could be reduced in the larger complete dataset (Barrett et al., 1991; Kluge, 1989 ).
Concatenation of the six genes yielded a sequence of 7921 nt, of which 4822 nt were invariable and 2408 nt (30 %) were parsimony informative. Trees resulting from the NJ, MP and ML analyses were very similar in topology and bootstrap support was high in all the cases (Fig. 3) . Concatenation of the six genes demonstrated a monophyletic and well-supported separation of the different genera, including the genus Halomonas. The only exceptions were the pairs Cobetia marina-Halomonas halodurans (mentioned above, with concatenated sequence similarity of 99.7 %) and Halomonas muralis-M. tunisiensis (with concatenated sequence similarity of 90.8 %).
Other phylogenetic affiliations, or lack thereof, became apparent. For instance, the classification of M. tunisiensis as a separate genus from Halomonas was not clearly established and Halomonas muralis was a doubtful member of the genus Halomonas. Both species formed a monophyletic branch in all three trees using the concatenated datasets (with 95 % bootstrap support for the ML tree), which suggested that the two species should be unified within a single genus, but it was unclear as to whether they were both members of the genus Halomonas.
With regard to the intrageneric groups, the six-gene concatenations resolved Halomonas groups 1 and 2 monophyletically. Therefore, concatenation of all six genes was shown to be a very good tool for the delineation of taxonomic relationships on a broad scale, including intrageneric and intergeneric relationships, at the level of the family Halomonadaceae.
A relevant approach to combined data analysis is to investigate only congruent data and to exclude data partitions with a significant level of dissimilarity, as they can introduce artefacts that may obscure reliable data and lead to erroneous topologies (Bull et al., 1993; Miyamoto & Fitch, 1995) . In this study, the atpA locus tree topology was incongruent with the other genes in individual sequence analyses and, in view of this result, this gene was excluded from the concatenated dataset, leaving aligned sequences for the 16S rRNA, 23S rRNA, gyrB, rpoD and secA genes and giving an alignment of 7269 nt [4491 invariable sites, 610 variable but parsimony-uninformative sites and 2168 (30 %) parsimony-informative sites]. The phylogenetic trees constructed by the three treeing methods (see Supplementary Fig. S1 in IJSEM Online) produced a result almost identical to those based on the six-gene concatenated sequence (Fig. 3) , according to the ShimodairaHasegawa statistical comparison. This may be due to the relatively short sequence used for the atpA gene so that the distortion that this gene introduced into the concatenated tree was diluted.
In order to make MLSA within the family Halomonadaceae simpler to carry out, a reduction in the number of genes was attempted with the aim of retaining the resolution obtained with the six concatenated gene sequences. An rRNA gene was selected to retain the topology of the deeper parts of the tree, and two protein encoding loci that contribute more strongly to the branching patterns near the tips were also selected for analysis. The 16S rRNA gene was selected, although it had slightly less resolving power than the 23S rRNA gene (Fig. 2) , because its length makes it easier to sequence and because the sequence databases for this gene are larger. Among the protein loci, gyrB and rpoD were selected because the overlap between the intrageneric and intergeneric similarities was clearly shorter than that for the atpA and secA genes (Fig. 2 ). An alignment of 3644 nt, of which 1271 nt (35 %) were parsimony-informative characters, and ML, NJ and MP trees were obtained by using these three genes (Fig. 4) . Visual inspection of the trees showed that the phylogenies were very similar to those obtained by concatenating six genes (except that the genus Salinicola clustered with the genus Kushneria rather than with the genus Chromohalobacter), and the different genera and intrageneric groups were even better supported with higher bootstrap values. With the exception of Halomonas halodurans, the genus Halomonas was monophyletic and M. tunisiensis did not cluster together with other species of the genus Halomonas.
Phylogenetic analysis of the family Halomonadaceae within the domain Bacteria
In order to study the phylogeny of the family Halomonadaceae within the domain Bacteria, the 16S-23S rRNA, atpA, gyrB, rpoD and secA gene sequences obtained in this study were compared with those of 445 bacterial species with sequenced genomes available from the GenBank/EMBL/DDBJ databases. All the selected genomes belonged to different species, 227 to the class Proteobacteria and 218 to other phyla. A Perl script (available as Supplementary Material in IJSEM Online) was developed to identify genes from each of those genomes that were orthologous to the MLSA dataset. These sequences were aligned with the ones from this study and ML phylogenetic trees were generated (see Supplementary Fig. S2 ). Due to R. R. de la Haba and others the large number of sequences used in this analysis, bootstrap values were not calculated, but branch support was estimated using the Approximate Likelihood-Ratio Test (aLRT) (Anisimova & Gascuel, 2006) . The results showed that the family Halomonadaceae constituted a robust and monophyletic branch within the domain Bacteria for three of the six analysed genes, 16S rRNA, gyrB and rpoD. According to the other three genes, most species also formed a single group with high branch support, but there were some exceptions. The phylogenetic tree based on the 23S rRNA gene sequences grouped the unclassified bacterium 'Candidatus Carsonella ruddii' MLSA of the family Halomonadaceae within the family Halomonadaceae. Similarly, two of 11 species of the genus Streptococcus, S. gordonii and S. sanguinis, were closely related to species of the genus Halomonas in the secA gene-based tree. These unexpected clusters were probably caused by HGT events between species of the family Halomonadaceae and the above mentioned micro-organisms. The most dissimilar tree was the one based on the atpA gene, because it showed the family as a polyphyletic group divided into three branches: one including most of the species; another clustering the species Kushneria aurantia with species of the genus Pseudomonas and Azotobacter vinelandii; and the last one which showed Halomonas maura forming a stable branch with a species of the phylum Firmicutes, Brevibacillus brevis. HGT appears to be the main reason for these clusters when inferring phylogenies based on atpA gene sequences.
Conclusion
MLSA showed that five genes (16S rRNA, 23S rRNA, gyrB, rpoD and secA) shared a consistent evolutionary history by grouping species into their expected genera, but how the genera were related was different for each gene examined. This scenario has also been observed in other closely related phylogenetic groups, such as the genera Pseudomonas (Cladera et al., 2006) , Vibrio (Thompson et al., 2007; Pascual et al., 2010) and Burkholderia (Baldwin et al., 2005) . Whether or not this is a universal trait among microorganisms remains to be tested. The most dissimilar evolutionary history was that based on the atpA gene sequences, and therefore this gene may not be useful as an individual phylogenetic marker within the family Halomonadaceae. However, its inclusion in the analysis based R. R. de la Haba and others on six concatenated genes produced a phylogenetic reconstruction consistent with the genera and intrageneric groups currently recognized as belonging to this family. The 16S rRNA gene (the most widely used to infer phylogenies to date) was demonstrated to be a good phylogenetic marker for this taxonomic group, but it did not robustly discriminate closely related species such as Halomonas elongata and Halomonas eurihalina, for instance, whereas the concatenated gene trees were able to discriminate these taxa. Thus, the study of a larger number of genes provides a more robust analysis. In addition, the phylogenetic methods used should be also be taken into account since they affected the final topology. For the family Halomonadaceae, the ML and NJ algorithms produced more similar results than those obtained by MP analysis.
Due to the large set of species of the family Halomonadaceae studied, only the type strain of each species was analysed; therefore the intraspecies topology and the resolution capability of the genes were not determined. The analysis of several strains from the same species results in a reliable and exhaustive classification (Martens et al., 2008) , hence the importance of novel species descriptions that are based on more than a single strain (Christensen et al., 2001; Stackebrandt et al., 2002; Arahal et al., 2007) . The purpose of the present paper was to provide an overview of the usefulness of MLSA in the family Halomonadaceae. However, it has highlighted the need for further studies (including of both type strains and other reference strains from the same species) focused on a specific group within this family.
DNA-DNA hybridization data between type strains of species contained in this family are widely available. However, these values have been obtained using different methods in different laboratories and, because they show uniformity and reproducibility problems, they are not comparable (Rosselló -Mora, 2006; Martens et al., 2008) . Additionally, the DNA-DNA hybridization data between strains belonging to the same species within the family Halomonadaceae are very limited, mainly due to the fact that the majority of the species have been described based on a single isolate. For these reasons, the correlation of DNA-DNA hybridization values against the MLSA data could not be determined. Future MLSA approaches, including an analysis of a smaller number of species of this family, should determine the interspecies and intraspecies DNA-DNA hybridization values using the same methodology and laboratory conditions in order to assess the usefulness of MLSA as an alternative to DNA-DNA hybridization for species circumscription and, if possible, to establish a threshold nucleotide divergence value for species delineation.
The results from this study demonstrate that HGT (of even conserved and essential genes) is very common within members of the family Halomonadaceae, both within and between other families. Since the majority of species of this family coexist in extreme saline environments where the microbial diversity is lower than in other habitats, it seems likely that HGT could be promoted between them. The results suggest that HGT events are a very important evolutionary factor in this family. However, despite evidence for frequent HGT, it seems that the concatenation of six gene sequences is relatively unaffected by the effects of recombination and is a reliable method for taxonomic description.
The Ad hoc Committee for the Re-evaluation of the Species Definition in Bacteriology proposed a minimum of five genes should be used to perform MLSA analyses for taxonomic purposes (Stackebrandt et al., 2002) . However, Zeigler (2003) suggested that analysis of fewer than five genes might be sufficient. Following the first recommendation, six genes were analysed in this study, five of which (16S-23S rRNA, gyrB, rpoD and secA) seemed appropriate for MLSA purposes. Based on the second recommendation, with the idea of simplifying this approach for the family Halomonadaceae, the general use of the 16S rRNA, gyrB and rpoD genes is suggested. However, the use of the recommended five genes should enable the frequency of recombination among unnamed environmental isolates to be determined. Recombination, though not formally recognized as a characteristic for circumscription of prokaryotic species, appears to be quite frequent in the family Halomonadaceae and the application of a biological species concept may one day be more useful than the current standards, if the data support that conclusion. By collecting more data today, researchers will be better prepared for the challenges of taxonomy tomorrow.
